Introduction
Hemophilia is defined as a group of bleeding disorders characterized by deficiencies in coagulation factors. The most common types are hemophilia A and B, which either lack factor VIII (FVIII) or factor IX (FIX), respectively. They are genetic disorders with X-linked recessive inheritance, and their prevalence is about 1 in 10,000 overall and 1 in 5,000 in the male population [1] . In Korea, there were approximately 2,000 patients with hemophilia in 2007, according to the Korean Hemophilia Foundation 2007 annual report [2] .
The severity of the disease is correlated with the plasma concentrations of the affected coagulation factors. Severe of deficient coagulation factors.
Considering the difficulties experienced by patients with hemophilia and their families, prenatal diagnosis of this disease plays a crucial role in the early diagnosis of the disease. Clotting factor levels in fetal blood samples can be directly measured using cordocentesis. This direct measurement approach to examine fetal clotting factors was employed in the prenatal diagnosis of hemophilia well before the use of molecular genetic diagnosis [5, 6] . Although it is an invasive method, it remains a viable option.
There have been numerous efforts to determine the normal ranges of fetal FVIII and FIX activity levels in several countries outside of Korea [5] [6] [7] . Here, for the first time, we evaluated fetal coagulation factor levels mid-trimester to determine the normal ranges that can be used in the prenatal diagnosis of hemophilia.
Materials and Methods

Study design
We enrolled singleton pregnancies that went through the cordocentesis procedure for prenatal diagnosis of hemophilia between 1996 and 1999 at the Seoul National University Hospital (Seoul, Korea). The indicators for fetal blood sampling were cases of pregnant carriers of hemophilia A or B, results of mosaicism in the analysis of amniotic fluid for karyotyping, confirmation of rubella infection, and cases of major fetal anomaly for assessing the risk of chromosomal abnormality between the gestational ages of 19 and 24 weeks. We excluded cases in which the affected hemophilia status was confirmed after delivery. In all of these cases, unaffected hemophilia status was confirmed by clotting factor assays after delivery. The Institutional Review Board of the Seoul National University Hospital accepted this study: institutional review board No. 1406 084 589.
Fetal blood sampling and clotting factor assays
Fetal blood sampling was done by direct puncture of the umbilical vein using ultrasound-guided cordocentesis. To eliminate the possibility of maternal contamination, most samplings were done in floating umbilical cord and confirmed by a mean corpuscular volume (MCV) of red blood cells greater than 110 mm 3 . Nine volumes of cord blood were collected in 1 volume of 0.109 M (3.2%) trisodium citrate anticoagulant in a 2.7-mL vacutainer. The samples were centrifuged at 2,500 g for 10 minutes at room temperature (18) (19) (20) (21) (22) (23) (24) (25) o C) and the coagulant activities of FVIII and FIX were measured by the one-stage assay method [8] with a coagulometer using commercial kits (Diagnostica Stago, Asnière, France) [9] .
Statistics
The distributions of the variables were tested for deviations from the normal range by using the Shapiro-Wilk statistic. Mann-Whitney U tests were used to compare the difference of the median levels of FVIII and FIX in accordance of gestational period. Spearman correlation was employed to examine the correlation among the levels of FVIII and FIX and the gestational age (IBM SPSS Statistics ver. 20.0; IBM Co., Armonk, NY, USA). Significance was assumed for a P-value of <0.05.
Results
A total of 30 women underwent the cordocentesis procedure for antenatal diagnosis of various disorders. Two fetuses that were found to be affected by severe hemophilia A after delivery were excluded; there were no cases found to be affected by severe hemophilia B. Out of the unaffected fetuses, 26 cases were evaluated for coagulation FVIII, and 29 cases were evaluated for coagulation FIX. Table 1 shows the characteristics and normal range of fetal coagulation FVIII and FIX between the gestational ages of 19 to 24 weeks. The mean age was 21.4 weeks of gestation at the time of the cordocentesis procedure. All of these samples were confirmed to not have maternal contamination by examining the MCV levels of the cord blood samples (mean, 122.0±6.6 fL; range, 114.0-137.0 fL). The mean level±standard deviation (SD) was 45.5±30.5% for FVIII and 19.9±12.2% for FIX. For FVIII, the range was from 1.5% to 125.0% and the 95% reference interval was 33.2% to 57.8%. For FIX, the range was from 6.0% to 52.0% and the 95% reference interval was 15.2% to 25.6%. FVIII showed a higher SD than FIX. We examined the correlation between the levels of FVIII and FIX and the gestational age. Although the median levels of FVIII and FIX showed a decreased tendency with increasing gestational age, there was no statistical significance among gestational age groups (P=0.41 for FVIII, P=0.35 for FIX) ( Table 2) . Spearman correlation showed no association between gestational age and FVIII and FIX (correlation coefficient=-0.016, P=0.951 for FVIII; correlation coefficient=-0.382, P=0.096 for FIX).
Figs. 1A and B show the normal distribution of FVIII and FIX, respectively. As the histograms suggest, the levels of both FVIII and FIX did not show normal distributions according to statistical analysis using Shapiro-Wilk test. Although FIX levels clearly showed a positively skewed distribution, FVIII levels more closely resembled a normal distribution than did the levels of FIX. If we exclude 6 FVIII values that are equal to or greater than 100%, then the resulting distribution would be valid as a normal distribution under the Shapiro-Wilk test. Importantly, we are interested in how low the fetal coagulation factor levels can go; the lower limits show more information concerning the normal ranges greater than 95% confidence intervals. The lower limits for FVIII and FIX were 1.5% and 6.0%, respectively.
Out of the 30 women included in the study, 18 underwent the cordocentesis procedure because they were carriers of hemophilia A; among these, there were two confirmed cases of the fetus (11.1%) affected by severe hemophilia using antenatal cordocentesis. There were no cases of female carriers of hemophilia B with diagnosed fetuses. Moreover, there were no misdiagnoses in any of these cases. In addition, none of these cases had any complications, such as abortion, membrane rupture, or bleeding following diagnostic cordocentesis. A B 
Discussion
Most hemophilia cases show an inherited pattern; however, 25% of cases show a sporadic pattern originating from de novo mutations without having any affected members in the family [10] . For the inherited pattern, a son born to a mother who is a carrier would have a 50% chance of inheriting the disease, whereas a daughter born to a mother who is a carrier would have a 50% chance of becoming a carrier herself. All daughters born to an affected father would be obligate carriers. Before the development of adequate prenatal diagnostic techniques for hemophilia, a carrier mother commonly elected to terminate the pregnancy if the fetus was determined to be male. This, however, meant a 50% loss of normal males; thus, effective methods for predicting fetal inheritance of the disease were needed.
Molecular genetic approaches have become common in the prenatal diagnosis of hemophilia; however, linkage analysis using polymorphism and family history is not always informative, and direct mutation detection is not yet an easily accessible approach for most people. In 2006, Shetty et al. [11] reported that a combined approach using both direct and indirect methods, including inversion of intron 22 and 1, multiplex polymerase chain reaction (PCR), and the restriction fragment length polymorphism analysis, gave informative results in 92.2% of patients with hemophilia A and 83.9% of patients with hemophilia B. For the remaining patients in whom molecular genetic diagnosis was uninformative, factor assay of fetal cord blood, the phenotypic approach, is the best remaining option [5, 6] .
Determining the normal ranges for fetal coagulation factor levels is important because those levels are different from the levels of neonatal coagulation factors [12] . Several studies have attempted to determine the normal fetal ranges (Table 3 ) [5] [6] [7] . In the study of Forestier et al. in 1988 [7] , the mean level of coagulation factors increased with increasing gestational age. In 2007, Shetty et al. [5] had similar result based on the gestation period. FVIII levels were more elevated and had a higher SD than FIX in all of the studies. However, none of these studies have examined Korean populations. Here, we obtained the normal ranges for a Korean population using 26 cases for FVIII and 29 cases for FIX. In our study, the normal median levels of FVIII and FIX showed decreased tendency in accordance with the gestation period even if there was no significant correlation in Mann-Whitney U tests (P=0.41 for FVIII, P=0.35 for FIX) and Spearman correlation (correlation coefficient=-0.016, P=0.951 for FVIII; correlation coefficient=-0.382, P=0.096 for FIX) ( Table  2) . This result was different from that of another study that reported that the normal range increased in accordance with the gestation period [5, 7] . We think that this may have been caused by maternal blood contamination. To avoid contamination with maternal blood and amniotic fluid, fetal blood sampling was conducted in the floating cord if possible and MCV analysis was checked at the time of cordocentesis. However, we did not use other methods to verify the purity of the fetal blood samples.
One major drawback of the fetal factor assay is the risk of fetal loss. According to a study done by Ghidini et al. [13] (1993), cordocentesis accompanies a fetal loss rate of 1.4% if performed prior to 28 weeks of gestation. Another large cohort study involving 1,020 pregnancies was conducted by Tongsong et al. [14] in Thailand in the period from 1989 to 1999. They performed cordocentesis at mid-trimester, and the researchers compared the fetal loss rate of this group with a matched control group. Their results showed that the cordocentesis and control groups had fetal loss rates of 1.8% and 0.7%, respectively, if cordocentesis was performed before 28 weeks of gestation. However, if cordocentesis was performed after 28 weeks of gestation, the cordocentesis and control groups had fetal loss rates of 1.5% and 1.1%, respectively [14] . In summary, cordocentesis results in a higher rate of fetal loss than amniocentesis used for molecular genetic diagnosis. In addition, amniocentesis which was a necessary procedure for cordocentesis has a fetal loss rate of 0.5% to 1.0% [15] . Therefore, proper prenatal counseling of the mother (and family) is necessary when cordocentesis is required. The benefits and risks of the procedure should be evaluated cautiously. In fact, even though the fetal loss rate might be lower, amniocentesis and chorionic villous sampling used for molecular genetic diagnosis are also invasive procedures. Thus, both genetic and phenotypic analysis should involve proper risk stratification as long as they involve these invasive techniques [5, 16] .
A future study involving the follow-up of the fetuses that were evaluated in this research may be beneficial. Because the normal ranges of the factor levels for the fetuses without disease are very wide, it would be interesting to determine if the differences in the fetal factor levels have any effect on the factor level during the neonatal period and in the child or adult.
Numerous studies are being performed on both polymorphisms and mutations. A recent example would be a study conducted by Park et al. [17] in 2012, in which they analyzed if MspI and XbaI polymorphisms in intron 22 of the FVIII gene are useful in the diagnosis of Korean patients. They concluded that the linkage analysis involving those polymorphisms would be useful for carrier detection and prenatal diagnosis of hemophilia A in Korea [17] . This kind of research on polymorphisms and mutations should continue to be done in order to minimize blind spots in diagnosis where current methods are ineffective.
Microarray genetic screening is under development. Although it still requires years of optimization to be used in clinical settings, it has the potential for widespread use in detecting genetic disorders. One important advantage that it holds over DNA-based approaches is that it can also detect epigenetic changes [5] . Significant advancement in this field is expected in coming years.
Another interesting method in development is cell-free fetal DNA (cffDNA) analysis using maternal plasma. In 2006, it was reported that the analysis of cffDNA in maternal plasma rivals that of the ultrasound approach in determining fetal gender in the first trimester [18] . In 2011, Tsui et al. [19] reported that digital PCR analysis of cffDNA can provide a new non-invasive approach for genetic analysis in the prenatal diagnosis of hemophilia. Although this newly developed technique is exciting and may provide a valuable alternative to current invasive approaches, further research is necessary to better determine its advantages, disadvantages, and possible implications in clinical settings.
Our study had several limitations. First, there were only 30 cases included in this study. Second, the ranges for both of the coagulation factors were very wide, and the SD was also high.
In conclusion, we determined the normal ranges and the lowest levels of FVIII and FIX in non-affected fetuses by cord blood sampling during the mid-trimester in a Korean population. More studies are needed to better clarify the activity of these various coagulation factors and to provide accurate prenatal diagnosis of hemophilia in Korean populations; our study will provide important baseline data that will be useful in future studies.
